The charge-transport characteristics of phase-separated blend films of poly(3-hexylthiophene) (P3HT; electron donor) and poly[2,7-(9,9-didodecylfluorene)-alt-5,5-(4′,7′-bis(2-thienyl)-2′,1′,3′-benzothiadiazole)] (PF12TBT; electron acceptor) were visualized by conductive atomic force microscopy (C-AFM). The C-AFM hole-current images clearly showed two phasesan electrically conductive region assigned to the P3HT-rich donor domain and a non-conductive region assigned to the PF12TBT-rich acceptor domain. The hole current in the conductive region was small compared with that of a neat P3HT film with similar thickness, indicating that the P3HT-rich domain contained a large fraction of PF12TBT as a minor component. Thermal annealing initially increased the hole current throughout the P3HT-rich domain because of reorganization of the P3HT chains from their as-cast configurations. Further annealing increased the hole current mainly in the middle of the P3HT-rich domain, but it decreased the hole current in the boundary areas close to the PF12TBT-rich domain owing to the presence of an intermixed region with a gradient of the P3HT/PF12TBT composition ratio. After annealing at temperatures above the glass-transition point of PF12TBT, the widths of the intermixed regions decreased to ~30 nm as phase separation proceeded with decomposition of the intermixed region. Such variations in the intermixed region, which were electrically resolved by the C-AFM, accounted for the temperature dependence of the photovoltaic properties of P3HT/PF12TBT blend solar cells.
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INTRODUCTION
Blends of conjugated polymers have recently emerged as promising material candidates for plastic electronics such as light-emitting diodes and photovoltaics. [1] [2] [3] Blending of different polymers can create new materials with useful functions that cannot be derived from each constituent polymer alone. In particular, polymer-blend solar cells composed of two types of conjugated polymers, with one acting as an electron donor (for hole transport) and the other as an acceptor (for electron transport), have gained increasing attention as an inexpensive source of renewable energy owing to their production advantages based on low-cost printing processes and high throughput. [4] [5] [6] The device functions of a blend film based on conjugated polymers are intrinsically dependent on the nanoscale blend morphology that varies with film processing conditions such as choice of the spin-coating solvent and inclusion of thermal annealing. 5, [7] [8] [9] [10] [11] [12] In particular, the morphological features of the donor/acceptor interface are of prime importance in polymerblend solar cells because they are correlated to the efficiencies of charge generation, transport, and recombination, and thus overall device performance. 6, 10, [13] [14] [15] However, morphology optimization of polymer blends has long been conducted through trial and error because the relationship between the blend morphology and local electrical properties has not been fully established. Therefore, direct observation of these properties on the nanometer scale is critical for understanding how blend morphology affects device functions. Conductive atomic force microscopy (C-AFM) offers insights into these issues by providing high-resolution direct view of the local electrical properties of conjugated-polymer blends. 16−21 In this article, we present the local electrical characteristics of conjugated-polymer blends based on a semicrystalline electron donor, poly(3-hexylthiophene) (P3HT), and an amorphous electron acceptor, poly[2,7-(9,9-didodecylfluorene)-alt-5,5-(4′,7′-bis(2-thienyl)-2′,1′,3′-benzothiadiazole)] (PF12TBT). In a previous study, we showed that thermal annealing plays 4 a crucial role in determining the device performance of P3HT/PF12TBT blend solar cells. 22 To obtain fine details of the electrical characteristics that are subject to change because of thermal annealing, we employed a conductive atomic force microscope equipped with a heating holder at the sample stage, which enabled us to obtain current images at the same location within a phase-separated nanostructure of the polymer blends. The evolving features of the intermixed donor/acceptor region that were electrically resolved by the C-AFM measurements accounted for the temperature dependence of the photovoltaic properties of P3HT/PF12TBT blend solar cells. for P3HT; and the lowest unoccupied molecular orbital (LUMO) energies of 3.5 eV for PF12TBT and 2.7 eV for P3HT.
EXPERIMENTAL
Materials. The donor polymer, regioregular P3HT, was purchased from Aldrich Chemical
Co., USA (lot MKBD3325V). According to the Certificate of Analysis, the head-to-tail regioregularity, weight-average molecular weight (Mw), and polydispersity index (PDI, given 5 by Mw/Mn, where Mn is the number-average molecular weight) were 90.0%, 42300 g mol −1 , and was prepared by mixing P3HT and PF12TBT at a weight ratio of 1:1 in CB, namely, 7.5 mg of P3HT and 7.5 mg of PF12TBT were dissolved in 1 mL of CB. A neat P3HT film was prepared by spin-coating a 10 mg mL -1 solution in chloroform at a spinning rate of 3000 rpm for 60 s onto the PEDOT:PSS|ITO substrate. The thickness of the P3HT/PF12TBT blend and neat P3HT films was measured by a contact-mode AFM (SPM-9600, Shimadzu, Japan) as follows:
a part of each film was scratched with a sharp needle to expose the substrate, and the film thickness was evaluated from the difference in height between the film and substrate surface.
The thickness of each P3HT/PF12TBT blend film was ~65 nm and that of the neat P3HT film was 50 nm. 
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C-AFM Measurements.
The P3HT/PF12TBT blend films were prepared on PEDOT:PSS|ITO substrates and annealed separately at different temperatures (60, 80, 100, 120 or 140 °C) for 10 min in a N2 atmosphere. Conductive-AFM measurements were performed using the microscope (SPM-9600, Shimadzu, Japan) in contact mode. In these measurements, Au-coated silicon probes (PPP-CONTAu, NANOSENSORS, Switzerland; tip radius: <50 nm; spring constant: 0.2-0.25 N m −1 ) were used to ensure that holes were the major carriers of the current. 21, 25 A sample bias was applied to the ITO substrate, and the probe was grounded.
The surface topography and corresponding current images were simultaneously obtained by the C-AFM operating at a constant sample bias of +3.0 V. All C-AFM measurements were performed under a N2 atmosphere in a controlled-environment chamber (CH-III, Shimadzu, Japan). The energy level diagram of the electrodes and polymers is shown in Figure 1b .
C-AFM Fixed-Point Measurements. Figures 2a and 2b
show an illustration of the setup and the operating procedure, respectively, of the C-AFM measurements at a fixed position. 26 The sample was heated by using the sample heating unit (Shimadzu, Japan), as shown in Figure 2a .
First, the as-cast (non-annealed) P3HT/PF12TBT blend film was measured. After the probe 7 was released from the surface, the film was thermally annealed at 80 °C for 10 min by the heating unit under the sample. After the annealed film was cooled to room temperature, the probe was placed again on the film surface in the same region for the measurement before annealing, and the surface topology and a current image were obtained. Next, the film was annealed again at 80 °C for 50 min and images were obtained in the same manner after cooling.
These annealing and measurement cycles were carried out under a N2 atmosphere. 
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A hot plate was located between the sample and the piezoelectric element.
Sample bias was applied to the ITO substrate, and the probe was grounded. (b) Operating procedure of C-AFM measurements at a fixed position. The measurements were obtained at room temperature (RT), and the sample was annealed at 80 °C by the underlying hot plate after the probe was released from the sample surface.
Absorption Measurements. After the films were thermally annealed at 80 °C for 10 min and 60 min under a N2 atmosphere, the UV-visible (UV-vis) absorption spectra (U-3500, Hitachi, Japan) of P3HT/PF12TBT blend films prepared on glass substrates were measured at room temperature.
Photoluminescence Quenching Measurements.
Using a calibrated fluorescence spectrophotometer (Hitachi, F-4500, Japan), photoluminescence (PL) spectra were measured for the as-cast neat PF12TBT film and P3HT/PF12TBT blend films that were as-cast and annealed at a different temperature (60, 80, 100, 120, or 140 °C) for 10 min in a N2 atmosphere. 8 The neat and blend films used for the PL measurement were spin-coated on quartz substrates.
The excitation wavelength was set at 392 nm to excite mostly the PF12TBT component (the excitation fraction of PF12TBT was 75%, while that of P3HT was 25%). The PL intensity was corrected for variations in the PF12TBT absorption at 392 nm. The PL quenching efficiency (q) of PF12TBT in the blend film was evaluated from the ratio of the PL intensity of the P3HT/PF12TBT blend films to that of the as-cast neat PF12TBT film. Figure   3 shows C-AFM topographical images and the corresponding hole-current images of an as-cast neat P3HT film and a P3HT/PF12TBT blend film that was as-cast, annealed at 80 °C for 10 min, and further annealed for 50 min (total annealing duration: 60 min). The C-AFM images 9 were obtained in the same area of the blend film before and after annealing. The spatially inhomogeneous current distribution in the as-cast neat P3HT film, with relatively low conductive regions and high conductive domains, was attributed to the regions of relatively low and high density of P3HT nanocrystallites in the film as previously reported. 25, 26 The topographical images of the blend film show distinct phase-separated structures consisting of connected domains. On the other hand, the hole-current images of the blend film clearly show two phases: an electrically conductive region and a non-conductive region. The hole current was detected selectively from the lower region of the topographical image (cross-sectional profiles of the height and current flow are provided in Supporting Information, Figure S1 ).
RESULTS
The hole current observed in the as-cast blend film was spatially inhomogeneous and significantly smaller than that in the neat P3HT film. It should be noted that the thickness of the neat P3HT film was adjusted to be 50 nm, which is the same as that of the conductive region in the blend film. After thermal annealing at the glass-transition temperature (Tg) of PF12TBT
(Tg = 81 °C), the hole current increased but remained below that of the neat P3HT film. The increase in the hole current suggests that morphological changes took place in the as-cast blend film, despite not being observable in the topographical images in Figure 3 . Figure 4 shows histograms of the current observed at each pixel in the image of the as-cast neat P3HT film ( Figure 3e ) and in the conductive region in the P3HT/PF12TBT blend film before and after thermal annealing for 10 min (Figures 3f and 3g ). As shown in the histograms, the current values were less than 70 pA for the as-cast blend film, while they were over 70 pA for the neat P3HT film. On the other hand, the current had widely distributed values, including some above 70 pA, after annealing, revealing that the improved local hole conductivity was comparable to that of the as-cast neat P3HT film. To examine how thermal annealing affected local hole transport in the P3HT/PF12TBT blend film, we calculated the change in the local hole current, I, at each pixel due to thermal annealing at 80 °C for a certain period. Figure 5a shows I mapping images of the blend film before and after thermal annealing for 10 min; the black lines represent the border between the conductive (colored) and non-conductive (black) regions observed in the as-cast blend film (Figure 3f ). Figure 5b shows I mapping images of the blend film before and after additional thermal annealing for 50 min; the black lines represent the border between the conductive (colored) and non-conductive (black) regions observed in the blend film that was annealed for 10 min (Figure 3g ). In these images, the red, green, and white regions represent parts of the films in which I > 0, I < 0 , and I = 0, respectively. During the first 10 min of annealing, the local hole current increased for the most part within the conductive region in the as-cast blend film (Figure 5a ). During the additional 50 min of annealing, the local hole current further increased in the middle of the conductive region, but it decreased on the side close to the border with the non-conductive region. Absorption Spectra. Figure 6 shows the absorption spectra of the blend films. The absorption intensity at around 600 nm increased after the first 10 min of annealing, but it barely changed after the following 50 min of annealing. These findings suggest that the ordering of P3HT chains proceeded mostly during the first 10 min. The changes in the topographical images indicates that phase separation in the P3HT/PF12TBT
blend was accelerated when the annealing temperature was above Tg of PF12TBT. On the other hand, the C-AFM current images show that the current value in the conductive region increased and the non-conductive region became larger after annealing at 100 and 140 °C.
From the topographical images of the blend films, we calculated the autocorrelation functions (see the Supporting Information, Figure S2 ). 27 The correlation length and pseudoperiod of the dumped oscillation were found to be 106 and nearly 400 nm, respectively, for the as-cast blend film and 127 and nearly 600 nm, respectively, for the blend film annealed at 140 °C. Figure 8a shows PLQE values of PF12TBT in the P3HT/PF12TBT blend films that were as-cast and annealed separately for 10 min at temperatures from 60 to 140 °C. The value of PLQE was in the range of 12-14% (q = 61-65%) for the as-cast blend film and the blend films annealed at 60 and 80 ºC, but it increased to 16% (q = 54%) for the blend film annealed at 100 °C and finally reached 20% (q = 44%)
PL Quantum Efficiency and Device
for the blend film annealed at 140 °C. Figure 8b shows the dependence of the short-circuit current density (JSC) and fill factor (FF) of these blend films on the annealing temperature. 13 The value of JSC increased from that of the as-cast blend film to the maximum value of films annealed at 60 and 80 °C; however, JSC dropped drastically when the blend film was annealed at 100 °C, and then decreased slightly when the blend film was annealed at temperatures above 100 °C. On the other hand, the value of FF gradually increased with temperature up to 80 °C, sharply increased at 100 °C, and then slightly increased when the temperature was above 100 °C. Figure S3 ). 21 We therefore assigned the topographically lower and conductive region (I > 0 pA) in the current images (Figures 3 and 7) to the P3HT-rich domain and the topographically higher and non- Information, Figure S4 ) is consistent with that in the topographic image. This finding shows that there is no capping layer of P3HT or PF12TBT on the surface of the blend films.
Nanoscale Morphology Leading to the Improvement in Hole Transport. In thin films of polymer/polymer blends prepared by spin-coating, the de-mixing process of the constituent 15 polymers remains far from a thermodynamically stable stage. 33 In such films, the constituent polymer chains are in constrained structures, and each polymer phase contains an excess amount of the other polymer. 7, [29] [30] [31] [32] As mentioned earlier, the changes in I mapping images and absorption spectra resulting from the first 10 min of annealing at 80 °C are different from the changes resulting from the following 50 min of annealing at 80 °C, suggesting that there were two characteristic steps of improvement in hole transport in the blend film. During the first round of annealing, the local current increased in most parts within the P3HT-rich domain and was accompanied by an increase in the absorption intensity at 600 nm. During the following round of annealing, the local current further increased in the middle of the P3HT-rich domain, but it decreased at the interface close to the PF12TBT-rich domain, without an accompanying change in the absorption intensity. This initial spectral change indicates that the ordering of P3HT chains at 80 °C was completed during the first 10 min of annealing. [34] [35] [36] In this initial step, the as-cast P3HT chains relaxed from the constrained conformations to more ordered ones that were favorable for efficient hole transport. In the following step, the location-dependent change in the local current was associated with the compositional change within the P3HT-rich domain. As discussed in the following section, the morphological change was driven by the presence of an intermixed region with a gradient of the ratio between the P3HT and PF12TBT content. blend film, we recolored the C-AFM current images in Figure 7 as follows: blue was used for the PF12TBT-rich domain with I = 0, purple was used for the intermixed P3HT/PF12TBT region with 0 < I < 70 pA, and red was used for the neat P3HT-like domain with I > 70 pA.
The recolored current images shown in Figure 10 indicate that (1) the size of the neat P3HT-like domain grew in the middle of the intermixed region and (2) the intermixed region was located in the area between the PF12TBT-rich and neat P3HT-like domains as it was consumed by these two expanding domains. In addition, the area occupancy of each domain varied as a function of the annealing temperature. The PF12TBT-rich domain occupied 32% of the ascast blend film, and the occupancy increased to 50% in the blend film annealed at 140 °C. On the other hand, the neat P3HT-like domain occupied as little as 1% of the as-cast blend film, and the occupancy increased to 20% of the blend film annealed at 140 °C. Consequently, the area occupied by the intermixed region decreased from 67% in the as-cast blend film to 30% in the blend film annealed at 140 °C. The increase in the current after annealing at a temperature above Tg is ascribed mainly to the compositional change in the intermixed region due to phase separation. In addition, the absorption spectra of the blend films showed apparent shoulder structures in the wavelength range of 500-650 nm after the annealing (see the Supporting Information, Figure S5 ), suggesting that ordering (or crystallization) of the P3HT chains also caused an increase in the current. between the pixel in the P3HT-rich domain and the boundary of the PF12TBT-rich domain was determined as follows. First, the pixels on the boundary of the PF12TBT-rich domain were marked by the white circles, as shown in Figure 11a . Next, for all the pixels in the P3HT-rich domain, the distance d from the nearest pixel on the boundary was calculated. The value of d was then rounded to the nearest multiple of a, where a is a length of one pixel (i.e., 4.9 nm).
In Figure 11b , we recolored all the pixels in the P3HT-rich domain according to the distance d, which varied from a to 6a and >6a. Finally, we averaged the local current at every pixel 
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Relationship between Morphology and Macroscopic Device Performance. Finally, we will show the relationship between the nanomorphology of the P3HT/PF12TBT blend films and their macroscopic device parameters. Charge carriers were generated efficiently within the intermixed region because of the large interface area between the donor and acceptor polymers. 15 After the annealing processes at temperatures up to 80 °C, the value of JSC was increased from that of the as-cast blend film because the hole-transport ability in the intermixed region improved owing to the ordering of P3HT chains without enhancing the span of the phaseseparation zone. This means that a larger amount of charge carriers could be transported to the electrodes, while the charge-generation efficiency remained as high as that in the as-cast blend film. On the other hand, the value of JSC dropped drastically after annealing at 100 °C because the intermixed region was shrunken by the growth of the neat P3HT-like and PF12TBT-rich domains. Meanwhile, the shrinking intermixed region reduced the recombination loss of charge carriers because the holes and electrons could be transported more efficiently through the spatially separated P3HT and PF12TBT networks in each domain.
Consequently, the value of FF mostly increased when the blend film was annealed at 100 °C.
CONCLUSION
Thermally induced morphological change of the donor/acceptor interface in conjugated polymer blends was revealed by electrical characterization via C-AFM measurements. In the as-cast P3HT/PF12TBT blend film, the local conductivity of the P3HT-rich domain was significantly small compared with that of the as-cast neat P3HT film because of intermixing with a considerable portion of PF12TBT as a minor component. In other words, the P3HT-rich domain in the as-cast blend mostly consisted of the intermixed region but did not contain neat P3HT-like domains. In the blend film after thermal annealing, on the other hand, neat 
